1 Ottosen chlorinated ethenes in the vicinity of a surface water (e.g. Vroblesky et al. 2004 ).
48
Phytoscreening has been shown to successfully locate groundwater contamination with chlorinated 49 ethenes (Sorek et al. 2008; Larsen et al., 2008; Limmer et al., 2011) ; however, these studies have 50 mainly focused on the parent compounds (PCE and TCE) and the degradation products (cis-DCE and 51 VC) have rarely been detected in trees. A need to include VC, the most hazardous of the chlorinated 52 ethenes (Jennings 2011; European Council 1998) remains to be demonstrated.
Ottosen
Phytoscreening studies have shown that concentrations of chlorinated ethenes in trees vary in all three 54 dimensions (Limmer et al. 2013; Vroblesky et al. 2004; Holm and Rotard 2011) . Further, seasonal 55 variation in contaminant concentrations has been observed, where concentrations increased with 56 increasing transpiration (Limmer et al. 2014 ) and increasing groundwater level (Wittlingerova et al. 57 2013). Transpiration is positively correlated with environmental conditions such as temperature and 58 hours of sunshine, and negatively correlated with the relative air humidity (Stern 2006) . Additionally, 59 an important factor influencing the concentrations in the trees is precipitation, as an uptake of the clean 60 infiltrating precipitation will dilute the concentrations of contaminants in the trees (Vroblesky et al. 61 2004; Holm and Rotard 2011).
62
Once taken up in a tree, the chlorinated ethenes behave differently due to their different physical- the original parameters), their presence in wood is more likely to be dependent on uptake at the time of 73 tree core sampling.
Ottosen
To investigate this hypothesis and add to the knowledge related to phytoscreening for degradation 75 products, the aims of this study were:
To assess the ability of phytoscreening to detect VC in trees.
77

II.
To evaluate phytoscreening as a method to screen for subsurface groundwater 78 contamination discharging into a stream.
79
III.
To determine the optimal environmental conditions when screening for cis-DCE and, in 80 particular, VC in trees.
81
These aims are addressed by applying an optimized tree core sampling method, compared to the 
99
For this investigation, six black alder trees (Alnus glutinosa), diameter 0.32-0.48 m, were selected 100 along or nearby the transect of the groundwater plume (Figure 1) . Trees of the same species were 101 selected to eliminate variation associated with tree species. Black alder commonly inhabits wet areas 102 (Claessens et al. 2010) and is for that reason believed to be optimal as test tree for screening along 103 streams and rivers. The root system of Alnus glutinosa is unique as it can grow deep into wet and even 104 anaerobic soils (Claessens et al. 2010) . However, the main part of tree roots (90%) can typically be (114.2508 and 114.1448) (Balbarini et al. 2017; Rønde et al. 2017) 
Methods
Ottosen
Tree coring
Tree cores were collected during six campaigns: late February and early May 2015 and in mid-July, 121 mid-August, mid-September and mid-October 2016. The tree cores were collected with an increment 122 borer (Haglöf) approximately one meter above ground level, as explained by Algreen et al. (2015) . In 123 subsequent sampling campaigns the samples were collected below the previous sample locations to 124 minimize the impact from the formerly drilled holes. In the last sampling campaign, an additional tree 125 (Tree G), where phytoscreening had not previously been applied, was additionally sampled and 126 compared with Tree E, to confirm or reject whether the holes had a substantial impact on detection of 127 chlorinated ethenes. Four samples were collected around the tree trunk for each tree in every campaign, 128 except in February where only the two sides parallel to the flow direction were sampled. Tree F, which 129 has the largest diameter (48 cm), was sampled at six points around the stem in May, to investigate the 130 horizontal variation more accurately. In September, it was not possible to collect a tree core at the Two tree cores (drilled ~ 3 cm from each other) were added to each vial, instead of one.
139
II. 12 ml of demineralized water was added, instead of 4 ml, reducing the headspace volume to up-140 concentrate compounds in the headspace. Additionally, this decreased the potential diffusion 9 Ottosen loss from the cores during the sampling of the second core, as the tree cores were completely 142 covered by water.
143
III.
The samples were incubated for two hours at 80°C before analysis to ensure compound transfer 144 from the wood to the headspace. This step compensates for the lower diffusion rate caused by 145 step II. 
Groundwater measuring points and sampling
150
The stream and groundwater levels were measured during each sampling campaign to assess: the 151 stability of the groundwater discharge to the stream, and the availability of the groundwater for the tree 
Chemical analysis 173
The tree cores and groundwater samples were analyzed using a HS-GC-MS (Headspace Gas
174
Chromatography with Mass Spectrometry) as detailed by Algreen et al. (2015) . An Agilent 5975C 175 electron impact (70eV) triple-axis mass-selective detector was used for detection and a HP-PLOT/Q 176 capillary column was used for separation. Before analysis, the tree core samples were incubated at Table S1 . 
Environmental conditions 181
The environmental conditions, that are expected to influence the uptake of contaminants by trees are 182 presented in Table 1 . Given the residence time of the compounds in the trees, it is assumed that the 183 conditions two weeks prior to the sampling event will influence the measured concentrations. However, 11 Ottosen for precipitation it is expected that the influence time is longer, because precipitation is delayed by 185 infiltration before it is taken up by the trees, a period of one month is therefore used for precipitation.
186
The temperature and hours of sunshine were lowest in February and highest in September. The relative 187 humidity was relatively uniform but highest in February and lowest in May. The hours of sunshine and 188 the temperature is assumed to have the biggest influence on the uptake, and the relative humidity is 
202
The groundwater levels were monitored continuously in two wells (114.1448 and 114.2508, Table 1 ).
203
The measurements showed that the groundwater table was generally shallow, with a maximum depth 
Results
211
Chlorinated ethenes concentrations in the groundwater
212
Analysis for all chlorinated ethenes were conducted for the groundwater samples from the MLS points.
213
As anticipated the main constituents in the groundwater were cis-DCE and VC. The concentrations of 214 PCE and TCE were < 1µg/L for all measured depths, which was also observed by Rønde et al. (2017) 
Contaminants in the tree cores
Ottosen
The horizontal variation of contaminant concentration in the trees is assessed by comparing the 233 measurements around the tree trunk. No correlation was found between the inflow direction and the 234 horizontal variation in the stem. The concentrations of cis-DCE and VC measured in trees are 235 illustrated in Figure 3 . PCE and TCE were detected to a lesser extent both temporally and spatially
236
( Figure S1 ). The quantity of drilled holes in the tree stem does not appear to have had a significant 237 influence on detection of chlorinated ethenes in the trees, as Tree G (only sampled in October) and Tree 238 E (sampled in all campaigns), which are located a few meters from each other, had similar 239 concentration levels (see Figure S1 for concentration variation in Tree G). Additionally, the increase of 
250
The highest concentration of VC was found to be 11.9 ng/g in Tree E in September. VC was detected 
285
The results indicate, as expected, that the presence of VC in the trees is more sensitive to the 286 transpiration than cis-DCE and PCE. This is illustrated by the absence of VC in the trees in February   287 where the transpiration was low, in contrary VC was detected in all trees in May, while cis-DCE and 288 PCE were detected in trees in both months. When the transpiration is minimal only contaminants concentrations for PCE and TCE, the magnitudes in the trees were the same as for cis-DCE and VC in 294 low transpiration periods, consistent with their higher adsorption to wood.
295
The inter-annual trends can be explained by two scenarios: A) where the uptake (dependent on 296 temperature, relative humidity, sunshine hours and precipitation) by the tree is larger than the loss 297 (dependent on temperature and physical-chemical properties of the compounds), and B) where the 298 uptake by the tree is smaller than the loss. Since VC has a short lifetime (due to volatile loss) in trees, it 299 is only found in Scenario A. Therefore, Scenario B must have been present in February, July and 300 August. In February, it was simply a matter of minimal uptake due to limited transpiration. In July and 301 August, the loss out of the stem must have been significantly higher than the uptake, in contrast to in 20 Ottosen availability of water in the unsaturated zone originating from infiltrating precipitation, and an increased 304 diffusion out of the stem due to the relatively high temperatures. Scenario A was present in May,
305
September and October. The small amount of precipitation in October was beneficial for uptake of 306 groundwater into trees, and the lower temperature resulted in decreased diffusion out of the stem. VC 307 was found in all trees in May and likely is a result of the requirement of large amounts of water due to 308 long sunshine hours, which is also the case for September. In areas or at times where porewater is 
317
The inter-annual variation in the detection of chlorinated ethenes in trees illustrates some important 318 patterns that the influence the environmental conditions have on the uptake. First, Limmer et al. (2014) 319 found a correlation between the transpiration and tree concentrations, however in this study we 320 illustrate that the uptake of groundwater contamination is not the only parameter influencing the 321 detection in the trees. We found that also the loss out of the stem and the precipitation is of high 322 importance, explaining the lack of contaminant detection in the summer months with a relatively high 323 temperature and wet weather. When the loss out of the stem was larger than the uptake, VC was not 324 detected in the trees, and the best time to screen for VC is therefore while the uptake is high. Whereas Ottosen detection of cis-DCE was not as sensitive documented by the detection in February. Second, rainfall 326 will decrease concentrations in trees, which has previously been documented for some of the 327 chlorinated ethenes (Vroblesky et al. 2004; Holm and Rotard 2011) , and here we also show the same 328 for VC by the lack of detection (especially July). Even the lack of detection in August could be due to 329 remaining water in the top soil from July's weather events. It is therefore recommended that screening 330 for all chlorinated ethenes be conducted during dry periods with many sunshine hours and not after 331 intense and/or prolonged rainfall. Third, that VC appears most sensitive to spreading in the unsaturated 332 zone by diffusion in pore air when trees relocate groundwater during dry periods, causing a more 333 evenly distributed contaminant concentration. This spreading is important to consider when using 334 phytoscreening to delineate VC groundwater plumes. If the uptake by the trees is high enough the 335 plume will appear broader than it is, in contrast there is a risk of no contaminant detection as the 336 spreading will result in lower water concentrations. 
Comparison of contamination in groundwater and trees
338
The uptake of water by trees is gradient driven. The water-potential gradient between the groundwater 339 table and the dry air above the ground surface is very steep (Larcher 1995), therefore, trees take up the 340 water available closest to the surface (i.e. in the vadose zone or shallow groundwater zone).
341
Consequently, shallow groundwater is most relevant for comparison with trees. The shallow 342 groundwater composition in mole fractions is compared to the composition in the trees in May in 343 Figure 6 , and the compositions in the trees in the remaining months are presented in Table 2 . May was 344 selected for comparison to represent a month with favorable environmental conditions for uptake.
345
These results demonstrate that when the uptake was low (February and October) the lower lifetime in 346 the trees for VC was reflected in lower or no detection compared to months with higher uptake (i.e.
Ottosen
Tree A and F). This confirms the greater sensitivity of VC tree coring to factors affecting transpiration.
348
Generally, it can be concluded that the groundwater measurement points were not shallow enough to 349 allow a correlation between groundwater and tree core data. However, the results reveal that under 350 favorable conditions the tree coring method is usefil as a screening tool to provide a depiction of the 351 underlying groundwater contaminants, including the degradation products. Phytoscreening can thus be 352 used to locate, but not quantify, shallow groundwater contaminated with cis-DCE and VC discharging 353 into a stream. However, this is only the case when the uptake by the trees is higher than the loss and 
